This paper describes an automated procedure for selecting and scaling real spectrum-compatible records. The methodology allows one to choose from a predefined database, assembled from accredited strong-motion accelerometric data banks, real records satisfying properly defined seismological constraints with the additional requirement of spectrum-compatibility with a reference spectrum in a specified period range. Among the different sets of records satisfying these constraints, the user can specify the desired one, based on additional requirements (e.g., limited scaling factors). The proposed algorithm allows one to select records compatible with either an acceleration or a displacement response spectrum.
INTRODUCTION
Accelerograms to be used in the dynamic analysis of structures and/or geotechnical systems are typically subdivided in three categories: real (or natural) records selected from accredited strong-motion accelerometric databases, synthetic accelerograms generated through complex mathematical models of the seismic source and wave propagation phenomena, and artificial accelerograms generated by stochastic algorithms and constrained to be spectrum-compatible to a target response spectrum.
Artificial accelerograms are further distinguished into those based on random vibration theory with the only constraint of spectrum-compatibility to a target response spectrum (e.g., Gasparini and Vanmarcke 1976, Gomes et al. 2006) and those generated to be compatible with some seismogenetic constraints such as magnitude and epicentral distance (e.g., Sabetta and Pugliese 1996 , Beresnev and Atkinson 1998 , Mucciarelli et al. 2004 , Boore 2005 , Motazedian and Atkinson 2005 . Otherwise they can be hybrid, that is, obtained by modifying real records to enforce response spectrum-compatibility, for example using the technique called spectral matching (e.g., Silva and Lee 1987) . Artificial accelerograms often show unrealistic characteristics, mainly in terms of frequency content, duration, and number of cycles, due to the fact that they are generated to be spectrum-compatible with a reference spectrum (which is often obtained as an envelope of spectra corresponding to different deterministic scenarios) in a large interval of periods, hence showing a consistent, unreasonably high energy content over a too broad range of frequencies. This is not the case for the most recent spectrum matching methods as those presented in Mukherjee and Gupta (2002) , Hancock et al. (2006) and Al Atik and Abrahamson (2010) . However, the three components of motion are completely uncorrelated, since these algorithms only allow one to define a single component of motion. Finally, spectral matching reduces the variability in input ground motions. Although this may appear as an advantage, resulting in a smaller number of analyses, the authors believe that it is not correct to artificially reduce the variability of the input, as this may be intrinsic of the seismogenetic context of the site where the structure under study is located, and, therefore, this actual variability should be accounted for in the design/assessment process.
Synthetic accelerograms are particularly useful for earthquake scenarios for which recorded ground motions are unavailable or for cases in which they are required at depth, such as for underground structures. However, their generation requires knowledge of a detailed seismological model with associated geophysical parameters necessary to characterize the earthquake source and the wave propagation phenomena (e.g., Hisada and Bielak 2003, Halldorsson and Papageorgiou 2004) . Also, synthetic records are generally limited to the low frequency content and hence are unable to reproduce the high frequency content of real ground motion. Attempts are underway (e.g., Mai and Beroza 2003) to correct this feature through injection of stochastic high frequency noise or correlated signals but the results obtained so far cannot be considered completely satisfactory.
Although the choice of the type of record to be used for defining the seismic input for time history analyses depends on the problem under study, in many cases real accelerograms are the best choice, since they are more realistic than spectrum-compatible artificial records and easier to obtain than synthetic seismograms generated from seismological source models. Since they are genuine records of ground shaking produced by real earthquakes, they retain all the ground motion characteristics (e.g., amplitude, frequency, energy content, duration, number of cycles, and phase) and reflect all the factors that influence the seismic motion (i.e., source, path, and site). Moreover they correctly reflect the correlation between the vertical and horizontal components of motion.
The availability of a rapidly increasing number of good quality strong-motion records seems to make the use of real records a natural choice, although there are still several regions of the world for which recorded ground motions are lacking or insufficient. In recent years, several international strong-motion accelerometric databases have been developed, most of which are available over the web. This allows the user to interactively search events and retrieve waveforms in digital form with prescribed characteristics. Searches can be generally performed using a wide range of combinations of parameters such as magnitude, epicentral distance (or some other definition of distance from the source), site classification, rupture mechanism, peak ground acceleration (PGA), peak ground velocity (PGV), and peak ground displacement (PGD).
The aim of this work is to present an automated procedure, called ASCONA, for selecting and scaling real spectrum-compatible records. This introduction will be followed by a discussion of the selection and scaling criteria that can be used, to help the reader understanding the choices embedded in the proposed approach. Some issues specific of the selection with reference to a displacement response spectrum will also be discussed. After this, the methodology itself is described and its potentialities are illustrated by means of few examples.
SELECTION AND SCALING OF REAL RECORDS
Several criteria have been proposed and adopted in the literature for the selection of real records from strong-motion databases, as discussed for example in Katsanos et al. (2010) and Rota et al. (2011) . The authors believe that one of the most important criteria should be related to the geological/geotechnical characteristics of the site where the accelerometric station is installed. Only accelerograms recorded on rock and hence ideally free from local amplification effects should be considered. In case the seismic input is required at nonrocky sites, the user is recommended to use ASCONA in combination with site-specific ground response analyses to propagate, after deconvolution, the outcropping bedrockrecorded signals through the real soil profile. The selected records must then satisfy the seismological parameters derived from deaggregation, mainly in terms of magnitude, epicentral distance and value of structural period for which the deaggregation has been conducted (PGA is not always the best choice). It has been shown that the effect of magnitude on spectral shape is more significant than that of epicentral distance (e.g., Graizer and Kalkan 2009), which allows one to apply in the search a larger tolerance for epicentral distance than for magnitude. Another important selection criterion is to avoid having more than a single record per event, to prevent results from being biased by a specific earthquake and also to correctly represent the variability of ground motions that could be artificially reduced by using statistically correlated accelerograms.
Other selection parameters could be potentially considered but they are usually overlooked either because their influence on inelastic structural response is not well understood or because in most cases they are unknown for the site of interest, or since their effect appears to be less significant than other parameters (e.g., duration or number of effective cycles, focal or source mechanisms, hypocentral depth). The usable period of the records could also be considered as a selection criterion. This is particularly important in case of selection of time histories considering spectral compatibility at long periods, since in this case analogue records may need to be removed from the database. A recent study by Bradley (2010) proposes the use of a generalized conditional intensity measure approach for the holistic selection of ground motions, considering a multivariate distribution of sets of ground-motion intensity measures conditioned on the occurrence of a specific one.
Several studies highlighted the importance of selecting records accounting for spectral shape, by using appropriately defined quantities allowing to produce a smaller dispersion in structural response (e.g., Conte et al. 2003 , Iervolino and Cornell 2005 , Baker and Cornell 2006 , Tothong and Luco 2007 , Haselton 2009 . Although this criterion reduces the number of analyses needed to obtain a given confidence level in the results, a selection criterion based on spectral shape would require knowledge of the fundamental period of the structure, which is not always available. Even in the case where it is known, there are several issues related to the adoption of measures based on this period, such as period-elongation due to damage, higher-mode contribution to structural response etc. Also, selecting real records based on spectral shape corresponds to somewhat artificially suppress the inherent variability of real ground motions, and this may be problematic for probabilistic assessments, where accurate estimates of both the mean and dispersion of response are needed.
Obviously any additional selection criterion would reduce the number of accelerograms satisfying the search parameters. For this reason, the criteria considered in the selection should also be related to the size of the available strong-motion database and to the number of records required for the analyses. The latter should be sufficient to allow one to obtain a reliable and stable measure of the response of interest. Since the inelastic response of structures is sensitive to some characteristics of the input motion, time history analyses need to be carried out for a sufficiently large number of real accelerograms, yet without increasing too much the computational burden. Obviously, since the number of available records is rapidly increasing, in some cases the search could yield a large number of records and hence additional selection criteria could be included as a further refinement of the selection.
Finally, the selected accelerograms usually need to be scaled to reach a good fit between the average response spectrum of the selected records and the target spectrum which, depending on the specific case, may consist of a uniform hazard spectrum derived from a probabilistic seismic hazard analysis or a building code spectrum appropriate for the site of interest. As an alternative, the reference spectrum can be defined by using an appropriate ground motion prediction equation for a deterministic scenario event or by means of the so-called conditional mean spectrum (e.g., Baker 2011). Few procedures recently proposed in the literature allow one to match not only the mean target spectrum, but also its variance (e.g., Kottke and Rathje 2008, Jayaram et al 2011) . The applied scaling factor should be limited to ensure that the scaled record does not show characteristics that would be unrealistic for the magnitude and epicentral distance pair to which it is referred. The rationale behind this is that the benefits of using real accelerograms should be maintained as much as possible even after scaling, with the main advantage being the fact that the ground motion genuinely reflects the earthquake process.
The goodness-of-fit between the average response spectrum and the target spectrum can be checked following the spectrum-compatibility requirement of a specific building code, such as for example EC8-1 (CEN 2005) . According to this seismic code, the mean of the PGA values (calculated from the individual time histories) should not be smaller than the design value for the site of interest. Also, the code specifies a range of periods (between 0.2T 1 and 2T 1 , where T 1 is the fundamental period of the structure in the direction where the accelerogram will be applied) in which the mean 5% damping elastic response spectrum calculated from all time histories should not be smaller than 90% of the corresponding value of the 5% damping elastic acceleration response spectrum.
SELECTION OF RECORDS COMPATIBLE WITH A DISPLACEMENT RESPONSE SPECTRUM
As an alternative, spectrum-compatibility can be enforced with respect to a displacement response spectrum. Although codes do not require yet compatibility with displacement response spectra in the selection of input time-histories for structural analyses, this additional feature has been included in the ASCONA computer program. This is also due to the recent trend towards the use of a displacement-based approach for the design and assessment of structures.
Some specific problems related to the selection of real records compatible with a displacement response spectrum (DRS) can be highlighted. The first issue regards the definition of the displacement response spectrum. Ideally this should be computed separately from the acceleration response spectrum, although based on the same data. Nevertheless, most seismic codes do not independently define a displacement response spectrum, but they usually define it from the acceleration response spectrum, assuming that peak response is governed by steady-state response, by means of the well known pseudo-acceleration approximation (as discussed for example in Priestley et al. 2007 ). This approximation would provide unreasonably large spectral displacements at periods larger than 3 or 4 s (e.g., Bommer and Elnashai 1999) , but this problem is not always considered by seismic design regulations. On the other hand, recent developments in displacement-based design have increased the need for reliable displacement response spectra, particularly for the long-period range, which is extremely sensitive to digitization errors.
Few studies in the literature have tried to improve the definition of displacement response spectra to overcome these limitations (see, for instance, Bommer and Elnashai 1999 , Tolis and Faccioli 1999 , Faccioli et al. 2004 , Guan et al. 2004 , Akkar and Bommer 2007 . For these reasons, Eurocode 8 (EN1998-1 2005) and the Italian Building Code (NTC 2008) limit the application of the pseudo-acceleration rule up to periods that are specified as a function of the soil category. Furthermore, these seismic codes prescribe different definitions of displacement spectra for structures with vibration periods larger than these values.
In its general form (also described in the Annex A of EC8 and NTC), the DRS increases nearly linearly up to a corner period. According to Faccioli et al. (2004) , after this corner period, the spectral displacement remains roughly constant for the magnitude 7.6 records they considered, whilst it decreases slightly for moderate magnitude earthquakes (i.e., in their study, records with magnitudes between 5.4 and 6.4). It is thus conservative to assume the DRS constant for periods higher than the corner period, as typically done in many seismic codes worldwide. The constant displacement plateau is followed by a linear decreasing branch until it reaches the value of the peak ground displacement, at a period commonly assumed to be around 10 s (e.g., Faccioli et al. 2004, EC8) . According to EC8 and NEHRP (2004) , the corner period depends on the magnitude governing the seismic hazard at the site, while NTC defines the corner period as a function of PGA which, in turn, is related to the return period of the seismic input. In EC8 and NTC, the period indicating the end of the plateau depends on soil conditions, whilst the ratio between the maximum spectral displacement and the peak ground displacement is equal to the ratio between the constant acceleration plateau of the acceleration response spectrum and the PGA. In EC8 this is equal to 2.5, although Faccioli et al. (2004) observed that this ratio is overestimated by EC8, if compared with the spectra of the ground motions considered in their study.
Apart form the definition of the displacement response spectrum, there are several other issues that need to be considered. To the best of the authors' knowledge, no other computer program is currently available for the selection of real records compatible with a prescribed displacement response spectrum nor code prescriptions specify criteria for obtaining spectrum-compatibility with a DRS. This poses the following two problems:
• For which range of periods spectrum-compatibility should be enforced? Is it reasonable to consider the same period range that would be adopted with reference to the acceleration response spectrum (as done for example by Beyer and Bommer 2007)? In the opinion of the authors, the maximum value of the period over which spectrum-compatibility needs to be enforced should be limited to 3-4 s. For higher periods the reliability of the calculated DRS, especially for analogue signals, can be strongly affected by the filtering process (e.g., Bommer and Elnashai 1999; Paolucci et al. 2008) . If the DRS is obtained from the acceleration spectrum, the issue of the pseudo-spectra approximation providing unrealistic values of displacement for periods larger than 3-4 s needs to be taken into consideration.
• When enforcing spectrum-compatibility, records are typically linearly scaled to a common value (e.g., spectral acceleration at a given period, often PGA), which value of the records should be scaled if they are selected with reference to a DRS? Possible alternatives could be, for example, to scale records to the spectral value at a given period (e.g., the corner period or the maximum period for which spectrum-compatibility is enforced) or to scale them according to some other parameter of the expected input at the site (e.g., PGA).
Clearly these questions do not have a unique answer.
An example of selection of accelerograms matching a DRS is presented in the work of Beyer and Bommer (2007) , but the authors are not aware of other research papers focusing on this issue. Beyer and Bommer (2007) stated that "the difference between matching the acceleration and displacement spectrum lies in the weighting of the error at short and long periods: matching the displacement spectra puts more emphasis on the longer periods. Whether the displacement or the acceleration spectrum should be used for matching depends on the response quantity which is of interest." The applications presented in the following of this paper will allow addressing and discussing these issues, proposing possible solutions.
DEFINITION OF THE STRONG-MOTION DATABASE
The strong motion database used for the selection of real spectrum-compatible accelerograms has been obtained by accessing records from the four internationally accredited data banks described in the following sub-section. Time series recorded in strong Chilean earthquakes have also been included. The use of a broad earthquake database is extremely important as it strongly affects the goodness of the fitting that can be achieved between the average spectrum of the selected accelerograms and the target spectrum. A reduced database would require to either select multiple accelerograms from the same event or to adopt large scaling factors, to obtain a sufficient number of records meeting predefined criteria.
AVAILABLE STRONG MOTION DATABASES
The European Strong-Motion Database (ESD, http://www.isesd.cv.ic.ac.uk) includes more than 3,000 records from the European, Mediterranean, and Middle Eastern regions, but a significant number of records corresponds to earthquakes that do not have any engineering significance, with values of magnitude even smaller than 2. Therefore, only strongmotion records taken from a selection of three-component 462 records from 110 earthquakes and 261 stations included in a CD-ROM (Ambraseys et al. 2004 ) have been considered for the ASCONA database. For these time series, all individually corrected with a rigorous procedure, additional information currently not provided on the web (e.g., shear wave velocity profiles, photos of stations and other source parameters) were also available.
The PEER-NGA strong-motion database was built within the Next Generation of Attenuation (NGA) project (http://peer.berkeley.edu/nga/), with the aim of improving the already existing Pacific Earthquake Engineering Research Center (PEER) strong-motion database (http://peer.berkeley.edu/smcat/) by adding records and enriching it with information regarding source mechanism, soil category of the station, etc. (Power et al. 2008) . A significant effort of systematically reviewing and checking the collected database was carried out . The PEER-NGA database contains 3551 strong-motion multi-component records from 173 shallow crustal earthquakes with magnitudes from 4.2 to 7.9. Records come from active tectonic regions, with a focus on California, although earthquakes in regions outside California are the primary source for data of magnitudes M > 7 . About half of the records come from the 1999 Chi-Chi (Taiwan) earthquake and its aftershocks. The NGA database is the only one in which most records have been rotated to the fault-normal and fault-parallel orientation, while in the other databases the horizontal components of ground motion are usually given with the orientation of the recording instruments, which in most cases is uncorrelated with respect to the fault that has caused the earthquake. This database is also particularly detailed in relation to soil category of the recording station.
Among the several networks of the National Research Institute for Earth Science and Disaster Prevention (NIED) of Japan, data from the K-Net (http://www.k-net.bosai.go.jp/) have been considered in this study. They consist of high quality records with detailed information concerning each recording station and, in particular, soil conditions, investigated by down-hole measurements. The database includes several strong-motion accelerograms recorded in the epicentral region of earthquakes with magnitude larger than 7.
The ITalian ACcelerometric Archive (ITACA, http://itaca.mi.ingv.it.) database contains 2182 three-component waveforms obtained from 1004 earthquakes with a maximum magnitude of 6.9, recorded from 1972 to 2004. Since waveforms were recorded by a wide variety of instruments (i.e., analogue accelerometers before 1997), records were systematically processed to enhance data quality and reliability, as discussed in Luzi et al. (2008) . For each recorded event, one or more magnitude estimates and the corresponding focal mechanism defined according to Zoback (1992) are provided. In addition, fault geometry, strike, dip and rake of the corresponding earthquake are reported for the major events (Luzi et al. 2008) . Station metadata include information on the geotechnical characterization of the station site.
STRONG-MOTION DATABASE USED FOR ASCONA
Data taken from the existing databases described in the previous subsection have been merged to construct a composite and homogeneous strong-motion accelerometric dataset containing only accelerograms recorded on outcropping rock and under free-field conditions. More specifically, the ASCONA dataset includes only waveforms recorded by stations located on soil type A of EC8 (V S30 > 800 m=s) or, alternatively, soil type A or B of NEHRP (V S30 > 1500 m=s and V S30 > 760 m=s, respectively).
In order to identify the stations of the K-Net seismic network on outcropping rock, a two-step procedure has been carried out. Since the K-net database contains information on P and S waves' 1-D velocity profiles up to a maximum depth of 20 m, if the average shear wave velocity profile calculated on the top layer up to the depth for which information is available was greater than 800 m/s, the station was considered to be on rock ("first criterion" in Table 1 ). Otherwise, the value of V S30 was computed using five different methods and the station was assumed to be on rock if at least three methods out of five provided a value of V S30 > 800 m=s ("second criterion" in Table 1 ). The methods used to extrapolate the soil profile to 30 m were the three proposed by Boore (2004) , which use correlations of shallow velocities and V S30 , the method proposed by and a purposely developed method, which extrapolates the soil profile to a depth of 30 m, based on a linear relationship derived by minimizing the mean squared error with the available velocity profile.
In the construction of the ASCONA dataset, low quality accelerograms, that is, waveforms where either the initial or final part was truncated, have been rejected. This happened for some of the records of the ESD, while NGA, K-Net, and ITACA contained only goodquality strong-motion data.
Epicentral distances were directly provided by all the databases from which records have been selected. For what concerns magnitude, in few records taken from the ESD database the value of moment magnitude was not available. This value was hence obtained by converting different magnitude scales into M w using the relations suggested by INGV (GdL MPS 2004).
The resulting ASCONA database consists of 682 acceleration time series, all recorded on rock and free-field conditions, during 104 earthquakes with M w between 3.0 and 7.9, in stations located at epicentral distances up to 200 km. Figure 1 shows the magnitude and distance distribution of the strong-motion records of the ASCONA database whereas Figure 2 shows the histograms with the distribution of records according to magnitude and PGA. It can be observed that most of the records in the database have M w ≤ 6, with only few records associated with larger magnitudes. Similarly, the available number of records with PGA greater than approximately 2 m/s 2 decreases rapidly with ground motion intensity.
AUTOMATIC SELECTION OF SPECTRUM-COMPATIBLE NATURAL ACCELEROGRAMS
This section describes the procedure implemented in ASCONA for the Automated Selection of COmpatible Natural Accelerograms. The algorithm automatically selects real accelerograms that are compatible with the selection criteria specified by the user. The choice of the final set of records to be used for the analysis, among those complying with the requirements, will still be made by the user, after visual inspection of the waveforms. This is because, although the algorithm for ground motion selection is automated and provides the engineer with a tool to help him/her make a better decision on the final selection of real records for dynamic analyses of structures or geotechnical systems, it is still important for the engineer to be an active participant in the selection process, because engineering judgment and experience cannot in any way be captured by an algorithm.
The user is required to specify several selection parameters, including the magnitude and epicentral distance range which are typically obtained from deaggregation of the results of a PSHA. Only accelerograms recorded on outcropping rock and in free-field condition are included in the ASCONA database and hence can be used in the selection. This is an important difference of the proposed approach with respect to other methodologies available in the literature, which use indifferently ground motions recorded on different soil types and/or select time histories compatible with response spectra for soils other than rock (e.g., Power et al. 2004 , Iervolino et al. 2010 ).
To ensure spectrum-compatibility, records are linearly scaled to a predefined value, which can be the PGA or another selected ordinate of the design spectrum. The scaling factors applied to each single record are checked and kept as close as possible to unit. This is another important difference with respect to other approaches, which allow the use of very large scaling factors (e.g., Iervolino et al. 2010 ).
Spectrum-compatibility is defined with reference to the indications of EC8-1 (EN1998-1,  2005) , although a different criterion could be easily included in the algorithm. The algorithm currently allows one to enforce spectrum-compatibility for one of the two horizontal components, but it could be easily modified to make use for example of the geometric mean of the two horizontal components of a seismic record. In case of 3-D time history analyses, the three components of each record are provided, although spectrum-compatibility is checked for only one of the horizontal components.
The algorithm implemented in ASCONA is an evolution of the procedure originally proposed by Dall'Ara et al. (2006) . With respect to its original version, the algorithm was modified to avoid having two components of the same record or more than a single record per event, for the reasons already discussed. This is another aspect characterizing the proposed procedure with respect to others available in the literature (e.g., Naeim et al. 2004 , Power et al. 2004 , Kottke and Rathje 2008 , which allow the presence of multiple records from the same earthquake in the set of selected accelerograms.
The ASCONA algorithm is based on the execution of the following steps:
1. The user establishes the selection criteria: magnitude, distance, maximum scaling factor, target response spectrum (which can be a uniform hazard spectrum, a codebased spectrum, or a spectrum derived from ground motion prediction equations), spectral ordinate used for scaling records, period range used for checking spectrumcompatibility, maximum δ for each record (defined at step 5 of the procedure), number of accelerograms to be included in the set (n), number of best-fitting sets to be displayed ( j ). Several codes (e.g., EC8 and NTC) specify that n should be equal or larger than 7 to be able to use the average results instead of the most unfavorable ones and hence n ¼ 7 is a very common choice, as also suggested by recent papers (e.g., Reyes and Kalkan 2011). 2. The algorithm extracts from the database all the records satisfying the established selection criteria and linearly scales all these records to the target spectral ordinate at the selected period. 3. Among these records, groups of n accelerograms are examined. All the sets including two components of the same record or more than a single record per event (also considering aftershocks and foreshocks) are excluded. 4. For each set of records the average response spectrum of the selected accelerograms is then computed. It is noted that the response spectra of the single records are already included in the database, since their calculation at this stage would significantly increase the computational time. Several parameters quantifying the goodness-of-fit between the spectral ordinates of the mean spectrum and the target 974 LAI ET AL.
spectrum in the period range of interest are calculated. These include the average difference (absolute value) and the maximum negative difference between the reference and the mean spectrum (the latter is used to check spectrum-compatibility according to EC8, i.e., to verify that the mean spectrum is not smaller than 90% of the reference spectrum), the average and maximum spectrum deviation (δ and δ max respectively), the average and maximum scaling factor. δ and δ max are those defined in Iervolino et al. (2008) :
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where Sa acc;m ðT i Þ is the mean spectrum of the selected accelerograms at period T i , Sa ref ðT i Þ is the reference spectrum at period T i , N is the number of (equally spaced) values in the period range of interest and δ i is the value of δ calculated for the i th record within the set. δ is hence a quantitative measure of the deviation of the mean spectrum from the reference spectrum, while δ max reflects the maximum deviation of each single record from the reference spectrum, and it provides a measure of the dispersion of individual spectra relatively to the target spectrum. Spectrum-compatibility is checked with reference to the user-defined rule. If the requirement is not satisfied, another set of records is considered. 5. The procedure is then repeated until K groups of n time series satisfying the spectrum-compatibility requirement are obtained, with K defined by the user. 6. Among these K groups, the j (with j selected by the user) with the smallest value of the average δ are identified and provided to the user for visual inspection. A schema of the procedure is reported in Figure 3 . This procedure is computationally expensive if carried out manually. Indeed, if p is the number of records satisfying the selection criteria and n is the number of records needed for time history analysis, the number of possible combinations of p records taken in groups of n is given by the binomial coefficient. If for example, p ¼ 50 and n ¼ 7, the number of possible combinations is Cð50; 7Þ ≈ 1 × 10 8 . It is important to remark that, with the additional constraint of selecting not more than one record for each seismic event, the number of acceptable combinations does not correspond any more to the binomial coefficient, which is reported here only as an upper bound, to give an idea of the possible computational time involved in this procedure.
For these reasons, a computer code based on a Monte Carlo random automatic selection of the groups of time series has been implemented. ASCONA accomplishes all the steps listed above and finally returns the sets of records with a mean response spectrum fitting the reference spectrum, according to the user-defined spectrum-compatibility requirements. Among the j best-fitting groups of n accelerograms selected at the end of this automatic procedure, the user will visually choose the one he/she thinks is best, based on engineering judgment and knowledge of the problem under study (e.g., fundamental period of the structure to be analyzed) and after consideration of the parameters quantifying the goodnessof-fit (mainly the average and/or maximum spectrum deviation and average and/or maximum scaling factor).
The main advantages of this procedure consist in its simplicity and the availability of a large database of natural accelerograms, which will be further fed with additional records from recent large magnitude events and events affecting well instrumented areas (e.g., Maule 2010 , Christuchurch 2010 , Honshu 2011 . The latter implies the possibility of keeping the scale factors close to unity and avoiding the use of multiple records from the same event, allowing for a rigorous selection approach. The speed of selection depends on the database size and, in particular, on the number of records corresponding to different earthquakes satisfying the selection criteria and the similarity of their spectra with respect to the reference one (this is controlled by the maximum value of δ specified by the user).
EXAMPLES AND CASE STUDIES
This section illustrates some applications of the ASCONA algorithm to real case studies. This will allow one to address some of the issues that are encountered when dealing with selection and scaling of real accelerograms. In particular, the first example concerns the selection of records compatible with the EC8 acceleration response spectrum. The last two cases focus instead on the selection of time series compatible with a displacement response spectrum defined with reference to both a UHS and a code-based spectrum. It is noted here that, in all the following case studies, the ASCONA algorithm defines spectrum-compatibility according to the criteria provided by EC8-1, that have been already discussed. This example regards the selection of real records spectrum-compatible, in the mean, to the EC8 type 1 acceleration response spectrum. Two cases are considered, which correspond to EC8 spectrum anchored to a PGA of 0.2 g and 0.25 g, respectively. A set of 7 spectrumcompatible accelerograms recorded on rock sites is selected using the ASCONA algorithm for the two levels of PGA. The seismological characteristics of the selected records have not been reported due to limitations in paper length. Magnitude of the selected records is within 6.5 and 6.9 for PGA ¼ 0.2g and within 6.6 and 7.9 for PGA ¼ 0.25 g, while the epicentral distance is within 11 and 104 km in both cases. Figure 4 shows the comparison of the mean response spectrum calculated with the selected records with the EC8 spectrum, for the two levels of PGA considered. The parameters characterizing the goodness-of-fit of the set of records selected for the two levels of PGA have been computed. For a PGA of 0.2 g, the average response spectrum is characterized by an average difference (in absolute value) of 5.94%, the average value of the scaling factors applied to the records is 1.4, while the maximum scaling factor is 2.8; the average spectrum deviation is 0.067 and the maximum spectrum deviation is 0.955. For a PGA of 0.25 g, the average difference (in absolute value) between the mean response spectrum and the EC8 spectrum is 5.11%, the average scaling factor is 1.7 and the maximum scaling factor is 3.5. For this level of PGA, the average spectrum deviation is 0.068, while the maximum spectrum deviation is 0.955.
In this example, a satisfactory spectrum-compatibility has been obtained for both values of PGA. However, as the PGA increases, the scale factors required to satisfy spectrum-compatibility become larger. This is due to the limited number of large magnitude and close epicentral distance records that are currently available in the ASCONA database. Figure 5 shows the elastic response spectra of the seven accelerograms for the PGA of 0.2 g (left) and 0.25 g (right) together with the mean spectra (thick lines).
SELECTION OF REAL RECORDS COMPATIBLE WITH A UNIFORM HAZARD DISPLACEMENT SPECTRUM
This example concerns the selection of real acceleration records compatible, in the mean, with the displacement response spectrum (DRS) obtained from PSHA at a site in Sicily (lat 37.877°long 14.817°), for a return period of 475 years. The DRS was obtained in the framework of a project sponsored by the Italian Department of Civil Protection and aimed to provide a model of the seismic action in terms of arbitrarily damped DRS extending to long periods and a national hazard map depicting the DRS values needed for design , Faccioli and Villani 2009 . Based on the results of this project, Faccioli and Villani (2009) proposed a simplified bilinear definition of the DRS for 5% structural damping, which depends on the corner period T D separating the branch with constant displacement from that with constant velocity of the spectrum. This corner period is estimated as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 3 ; 4 1 ; 1 9 8
where D 10 is the spectral displacement at 10 s period and the denominator is the maximum value of the pseudo-velocity response spectrum, which can be calculated from the uniform hazard DRS at a specific location through the pseudo-spectral relation. Figure 6 shows the 475 years return period DRS used in this example as the reference spectrum. The value of PGA for the 475 years return period resulting from PSHA studies is 0.17 g (Meletti and Montaldo 2007) . The selection of seven spectrum compatible accelerograms has been carried out for four different cases, corresponding to different values of the maximum period for which spectrumcompatibility is enforced (T max ) and the period at which the DRS are normalized (i.e., linearly scaled to have the same value of the reference spectrum, T sc ). Table 2 summarizes the main parameters characterizing the goodness-of-fit of the selection and the magnitude range of the selected records. As reported in the table, a rather wide magnitude range (5.6-6.5) was used for the 4 cases. For the site under consideration, the deaggregation in PGA (Barani et al. 2009 ) provides a dominating scenario with average magnitude equal to 4.94 and average epicentral distance equal to 9 km. However, as discussed in Rota et al. (2011) , the results of deaggregation may vary significantly if different spectral ordinates are considered. In this case, since record selection is carried out with reference to a DRS and records are scaled to a spectral ordinate at a period significantly larger than T ¼ 0, the results of deaggregation for PGA were considered inappropriate. Thus a range of magnitudes providing a good fit of the two spectra was arbitrarily chosen. Figure 7 shows the elastic displacement response spectra of the 7 accelerograms selected for each case illustrated in Table 2 , together with their average spectrum (thick lines). Figure 8 shows, for the four cases, the comparison between the DRS and the average response spectrum of the selected records (structural damping ratio 5%). Comparison of the spectra for the four cases shows an excellent fit for all set of parameters. The first three cases allowed one to obtain a better fit between the average spectrum of the selected records and the target spectrum (i.e., average spectrum deviation < 0.1), whereas the records selected for case 4 exhibited a slightly less satisfactory matching. Case 2 and 3 yielded lower values of the maximum spectrum deviation with respect to case 1 and 4, in which there is at least one record with a displacement response spectrum differing significantly from the reference DRS. The value of this parameter is important since the presence of records with dispersed spectra may significantly influence the results of nonlinear analyses of structures. Also, while the first three cases are characterized by similar values of the maximum required scaling factor, case 4 yielded a larger value.
With respect to the selection with reference to the acceleration response spectrum, the displacement spectrum allowed, at least for cases 2 and 3, to find records with lower values of the maximum spectrum deviation, hence simplifying the search and guaranteeing a better match with the target spectrum. Moreover, spectrum-compatibility can be enforced for a wider range of periods (i.e., up to 3 s) if compared with the case in which acceleration response spectrum is used as the reference spectrum. Figure 7 . Elastic displacement response spectra of the seven accelerograms selected for the four cases illustrated in Table 2 , for the 475 year return period, along with their mean spectra (thick lines).
LAI ET AL.
This example shows the selection of real acceleration records compatible, in the mean, with the EC8 displacement response spectrum. The DRS was derived from the EC8 type 1 acceleration response spectrum for two levels of PGA, 0.20 g and 0.25 g. Figure 9 shows the corresponding acceleration and displacement response spectra. The DRS has been computed up to 4 s since, as previously discussed, this value approximately represents the limit of validity of the relationship between pseudo-acceleration response spectrum and DRS. Moreover, T ≤ 4 s approximately represents the usable period range of the analogue records included in the ASCONA database. It is noted that, below 3-4s, the DRS is only slightly influenced by the adopted signal processing technique, as discussed for example by Paolucci et al. (2008) . The seismological characteristics of the selected records have not been reported due to limitations in paper length. For both cases, the magnitude range is between 6.5 and 7, while epicentral distances are between 11 and 99 km.
Based on the results illustrated in the previous section, the selected records have been scaled to the value of the reference spectrum at T sc ¼ 2 s and spectrum-compatibility has been enforced in the period range 0.15-3 s, i.e., T max ¼ 3 s. Table 3 summarizes the main parameters characterizing the goodness-of-fit of the selected records for the two cases that have been analyzed. It is remarked that the magnitude range used for the selection of this example is the same for both cases. Comparing the two cases, it is noticed that the goodnessof-fit is similar, with also similar values of the maximum scaling factor, which is only slightly larger for PGA ¼ 0.25 g. For this case, the only parameter that is significantly worsened is the maximum spectrum deviation, indicating that there is at least one record whose spectrum is significantly different from the EC8 type 1 spectrum. Figure 10 shows the compatibility of the mean displacement response spectrum yielded by the selected real records with the EC8 type 1 spectrum for the two levels of PGA considered. Figure 11 shows the elastic displacement response spectra of the seven accelerograms for a PGA of 0.2 g (left) and 0.25 g (right) together with the mean spectrum.
CONCLUSIONS
This paper illustrates the main features of ASCONA, an automated procedure for the selection and scaling of real, spectrum-compatible records. While several methodologies have been proposed in the literature for the selection of real records compatible with a Figure 9 . EC8 type 1 acceleration and displacement response spectra for site class A and for two different levels of PGA: 0.20 g and 0.25 g. Table 3 . Main parameters characterising the goodness-of-fit of the selected accelerograms to the target displacement response spectrum. reference (e.g., uniform hazard or code-based) acceleration response spectrum, the proposed algorithm also allows one to select accelerograms that are spectrum-compatible to a given displacement response spectrum. This is required to address a series of specific issues that have been illustrated in the paper.
PGA (g)
This work briefly discusses the criteria used for the selection of real records and illustrates the proposed procedure by means of several case studies. A broadband application of the methodology to the entire Italian territory is presented in Rota et al. (2012) .
The strong-motion database used by the authors only includes waveforms recorded on outcropping rock. The only correction applied to the selected records consists in linear scaling their amplitude to the value of the target spectrum at a predefined spectral ordinate. . Elastic displacement response spectra of the 7 accelerograms selected for a PGA of (a) 0.2 g and (b) 0.25 g along with their average spectra (thick lines).
Scaling factors always need to be kept within predefined acceptable limits to prevent the alteration of the spectral characteristics of the signal. This aspect was taken into account in the case studies reported in the paper.
The proposed algorithm for the selection of real accelerograms automatically provides set of records compatible with user-defined selection criteria. However, among the set of records satisfying such criteria, the final selection is carried out manually by the user, based on visual inspection and engineering judgment.
The possibility of a good match between the mean and the reference spectrum strongly depends on the quality and completeness of the strong-motion database from which records are selected. Thus a great effort has been carried out to create a large database which includes good quality strong-motion accelerograms recorded on rock under free-field conditions and which have been retrieved from accredited, international strong-motion databases.
Three examples and case studies have been presented, one regarding selection with reference to an acceleration response spectrum and two with reference to a displacement response spectrum. Comparison of the goodness-of-fit of the selected records with the reference spectrum showed that the selection of records with reference to the displacement response spectrum seems to be attractive, particularly in case of moderate to large levels of seismicity, when the selection with reference to the acceleration response spectrum may become problematic. In any case, it is noted that the selection of records compatible either with an acceleration or a displacement response spectrum requires higher scaling factors as the level of seismicity (PGA) increases, due to the limited number of large magnitude and close distance events included in the database. This problem could be easily solved as soon as additional good-quality accelerograms, recorded on rock and in free-field conditions during large magnitude events, would be added to the database.
